Objective: To investigate the interrelationship of free radicals (FRs), ischemic preconditioning (IP), and hemodynamic function in coronary artery bypass graft (CABG) patients. Design: Prospective, randomized, and controlled clinical study. Patients: Forty CABG patients were randomized into an IP group (n ‫؍‬ 20) and a control group (n ‫؍‬ 20). Intervention: The IP group was preconditioned with two cycles of two-min ischemia followed by 3-min reperfusion before cross-clamping. Measurement and results: FR content in coronary sinus blood was measured directly using ␣-phenyl-N-tert-butylnitrone-electron spin-trapped spectroscopy. A small amount of FRs was generated after the IP protocol (5.6% above the baseline) but not in control subjects. A larger amount was generated 10 min after declamping in both groups (8.4% in IP protocol and 7.7% in control subjects). Hemodynamic function recovered better in the IP group at 1 h and 6 h after declamping. There was a significant negative correlation between FR generation after declamping and left ventricular stroke work index (LVSWI) at 1 h and 6 h after declamping (r ‫؍‬ ؊0.71 and ؊ 0.59, respectively) in the control subjects but not in the IP group. There was a significant positive correlation between FR generation after the IP protocol and cardiac index at 1 h and 6 h (r ‫؍‬ 0.50 and 0.61, respectively) and LVSWI at 1 h and 6 h (r ‫؍‬ 0.56 and 0.54, respectively) after declamping in the IP group but not in the control subjects. Conclusion: FR generation after the operation correlates with ventricular functional depression in CABG patients. IP protects the stunning heart but does not alter FR generation. The association of better hemodynamic recovery after CABG with FR generation during the IP period suggests that FRs might act as one of the triggers for IP.
I
schemic reperfusion (I/R) injury is a detrimental cascade reaction. The myocardium suffers global ischemia during aortic cross-clamping, thus leading to metabolic disturbance. When the heart is abruptly reoxygenated during reperfusion, an oxidative free radical (FR) burst results, impairing the functional recovery of the organ. FRs are chemical substances generated in small amounts during the normal metabolism of cells, and these are normally equipped with endogenous scavenger systems; however, dur-ing the reperfusion of postischemic tissue, large amounts of FRs are generated and overwhelm the cellular defenses, thus inducing tissue damage. 1, 2 FRs are highly reactive compounds that can oxidate many cellular components and cause damage. After an I/R attack, FRs generate different cellular components, mainly proteins and lipids, and lead to I/R contractile dysfunction (stunning) and arrhythmia. 3, 4 A previous study, 5 however, has shown that FRs may have the opposite effect when produced during ischemic preconditioning (IP) or during prolonged I/R.
The relationship between FRs and IP was first suggested by Murry and colleagues, 6 who showed that administration of oxygen radical scavengers during the first reperfusion period could block the beneficial effect of IP on infarct size in dogs. They therefore proposed that the generation of a low amount of FRs during a short ischemic episode is not sufficient to cause cell necrosis, but enough to modify cellular activity and induce preconditioning effects. Recent studies 7 indicate that FRs play an important role in triggering the signal transduction pathway of IP effects. To our knowledge, however, such a phenomenon has not been studied in surgical patients.
The aims of the present study were to seek direct evidence of FR production by the ␣-phenyl-N-tertbutylnitrone (PBN)-spin spectroscopy method after IP and a coronary artery bypass graft (CABG) operation, and to investigate the relationship of FR production to I/R injury, together with the effect of IP on the CABG operation and the possible mechanism of FRs in the protective effect of IP.
Materials and Methods

Patient Selection
The study design was accepted by the Ethical Committee of Tampere University Hospital, Finland, and informed consent was obtained from all patients.
Forty patients with stable angina and three main coronary artery stenoses admitted to the hospital for a CABG operation were randomized into two groups: a control group using routine methods of myocardial protection with cold-blood cardioplegia, and a study (IP) group receiving IP before cross-clamping. Patients with low ejection fraction (EF; Ͻ 40%), unstable angina, recent myocardial infarction (Ͻ 3 months), additional cardiac diseases, severe noncardiac diseases, and calcified or dilated ascending aorta were excluded.
The preoperative characteristics of the patients in the respective groups were similar; there was no statistically significant difference between the groups in age, sex, New York Heart Association class, left ventricular EF, vessels diseased, history of myocardial infarction, use of ␤-blocker, diabetes, and risk factors (Table 1) .
Preconditioning Protocol
In order to produce global ischemia, the aorta was crossclamped and the left ventricle vented. After created cardiopulmonary bypass (CPB) and run pump to empty the heart, the ascending aorta was occluded by cross-clamping for 2 min, followed by 3-min reperfusion, the procedure being repeated once. The control group also had a run pump for 10 min prior to the routine operation. The temperature was kept normothermic during this period.
Anesthesia, CPB, and Surgical Technique
A standardized anesthetic technique was used with sufentanil, midazolam, and pancuronium. CPB with nonpulsatile perfusion flow (2.2 to 2.4 L/min/m 2 ) was conducted using membrane oxygenators with arterial line filtration. Mild hypothermia (32°C) was maintained without topical cooling.
Surgical techniques were the same in all cases. Aortic root and two-stage single venous cannulas were used for CPB. A retrograde, self-inflating coronary sinus cardioplegia cannula (RC 014; Research Medical; Midvale, UT) with a pressure-monitoring port was guided into place. A 9-gauge cannula was placed in the aortic root for antegrade cardioplegia or for venting. Distal anastomoses were made in the following order: right coronary artery (RCA)-circumflex artery-left anterior descending artery (LAD). The proximal anastomoses were constructed during cross-clamping. The left internal mammary artery to LAD was used in all patients.
Blood from the pump reservoir was mixed with crystalloid in a 
Measurements and Data Collections
Hemodynamic Measurements and Treatment: Heart rate (HR), mean pulmonary artery pressure (mPAP), pulmonary capillary wedge pressure (PCWP), cardiac output, and right ventricular ejection fraction (RVEF) were monitored. Derived cardiovascular variables, namely the cardiac index (CI), right ventricular stroke work index (RVSWI), left ventricular stroke work index (LVSWI), and right ventricular end-diastolic volume index (RVEDVI), were calculated using standard formulas. RVEF was measured using a fast-response volumetric thermistor-tipped pulmonary artery catheter (93A-434 h-7.5F; Baxter Health Care; Irvine, CA) and a microprocessor (Explorer; Baxter Health Care, Edwards Division; Irvine, CA), which allowed measurement of the diastolic washout plateaus of a thermodilution cardiac output curve using exponential curve analysis. All measurements based on the thermodilution technique were made at end-expiration and in triplicate using ice-cold saline solution. The mean value of three consecutive measurements at the respective time points was registered. Before each measurement of RVEF, the correct position of the catheter and right atrial delivery site were confirmed by analysis of the transduced pressure waveform. Hemodynamic data were collected at four time points: (1) before anesthesia as baseline; (2) 1 h after declamping; (3) 6 h after declamping; and (4) first postoperative day (POD). Hemodynamic variables after the operation were presented as percentages of the baseline data.
Perioperatively, volume infusion was designed to maintain filling pressures at, at least, preoperative level and optimal for heart performance. Inotropes (dopexamine or epinephrine [Adrenaline]) were used to maintain the CI at Ͼ 2.0 L/min/m 2 . Amrinone with norepinephrine (Noradrenaline) was used when dopexamine or epinephrine was insufficient to maintain cardiac output. They were applied after release of cross-clamping, and treatment was continued for at least 6 h. Inotrope therapy was not discontinued at the time points when hemodynamic data were measured. Perioperative infarction was diagnosed if any new Q wave appeared (one-third QRS height and Ͼ 0.04 s) or a creatine kinase-MB (CK-MB) value Ͼ 100 g/L.
FR Measurement: Blood samples (1 mL) were taken into syringes containing 1 mL of 50 mmol/L solution of PBN from the coronary sinus at three time points: (1) before CPB as baseline data, (2) after IP or 10 min of CPB, and (3) 10 min after declamping. The oxygen-centered FRs are known to react with PBN to form stable spin adduct radicals. The resulting adducts were then extracted into toluene and further analyzed by electron spin resonance (ESR) spectroscopy measurement. The relative spin adduct radical concentration was obtained by determining the first derivative peak height and width of the signal. All ESR measurements were performed with a Varian E-line X-band ESR spectrometer (Varian, Analytical Instrument Division; Palo Alto, CA) using a modulation amplitude of 1 mT. The samples were kept in glass tubes at Ϫ 70°C after drawing, and during storage, transportation, and ESR measurements. An arbitrary unit of FR generation was calculated by the following formula: (measurement value Ϫ baseline value)/baseline ϫ 100%.
CK-MB Measurement: Blood samples were collected from peripheral vessels: (1) before CPB, (2) after IP or 10 min of CPB, (3) 5 min after declamping, (4) 6 h after declamping, (5) first POD, and (6) second POD. Samples were collected in heparincoated plastic tubes and centrifuged. Serum samples were measured (Chiron ACS 180; Chiron Diagnostics; East Walbole, MA) using a direct chemiluminescence method.
Statistics
Statistical analyses were carried out using a statistical package program (Version 9.0; SPSS; Chicago, IL); unpaired Student's t test and 2 test were used when comparing variables between the two groups. Pearson's correlation was used to measure the relation between two variables and generalized linear model (GLM) analysis with repeated measures of variance to test the repeated observation variables after the operation. A nonparametric test (Mann-Whitney U) was applied in case of nonGaussian distribution of data. Data are presented as mean Ϯ SD. Significance was assumed when at p Ͻ 0.05.
Results
Perioperative Course
There were nonsignificantly more vessels bypassed in the IP group, thus entailing a significantly longer period of clamping (86.4 min vs 77.5 min; p ϭ 0.042) and an almost significant CPB time (117.5 min vs 107.2 min; p ϭ 0.052). More patients in the control group needed defibrillation after commencement of cross-clamping release, however, without statistical significance.
FR Generation
A small amount of FR was generated after IP (5.6% from the baseline) but not in the control subjects 10 min after commencement of CPB. Larger amounts were generated 10 min after declamping in both groups (8.4% in IP and 7.7% in control subjects) with statistical significance from baseline (p ϭ 0.046 and 0.032, respectively). There was no statistically significant difference in FR generation after IP or operation between the two groups (Fig 1) . The FR generation after surgery correlated with cross-clamping time (r ϭ 0.529). There was no association between FR and CPB time (r ϭ 0.225).
Hemodynamic Data
The HR and mPAP increased, and MAP and RVEDVI decreased within the normal range after the operation. Central venous pressure and PCWP were kept stable postoperatively. There were no differences between the groups in these variables. CI decreased 1 h and 6 h after the operation in the control group (89% and 97% of baseline, respective-ly), recovering on the first POD (112% of baseline). In contrast, CI increased at all three time points after the operation in the IP group (110%, 129%, and 124% of baseline, respectively). The differences between the groups in CI after surgery are statistically significant (p ϭ 0.013). RVEF decreased at all time points after the operation, except at 1 h in the IP group, being lowest at 6 h in both groups. The changes were milder in the IP group and with statistical significance after the operation (p ϭ 0.012). Both LVSWI and RVSVI decreased in the groups and did not recover until the first POD. These depressions were less marked in the IP group. The differences in LVSWI and RVSWI after surgery were of statistical significance between the IP and the control groups (p ϭ 0.027 and 0.002, respectively; Table 2 ).
CK-MB
The baseline of CK-MB was similar (1.9 Ϯ 1.7 g/L and 2.0 Ϯ 1.2 g/L in the IP group and control group, respectively; p ϭ 0.898). IP resulted in greater CK-MB elevation than did 10 min of CPB control (1.5 Ϯ 0.8 g/L vs 1.0 Ϯ 0.9 g/L; p ϭ 0.079). There was a massive release of CK-MB after the operation, reaching peak value at 6 h (24 times vs 30 times baseline in the IP group and control group, respectively) and did not recover until the second POD (5 times baseline in the IP and control subjects). There was no statistically significant difference in CK-MB release after the operation between the two groups (p ϭ 0.226).
Correlation Between FRs and Hemodynamics
FR generation after declamping correlated with the depression of LVSWI at 1 h and 6 h after declamping in the control group (r ϭ Ϫ 0.71 and Ϫ 0.59, respectively). No such negative correlation could be found in the IP group (r ϭ 0.42 and 0.43, respectively). There was a significant positive correlation between FR generation after the IP protocol and LVSWI at 1 h and 6 h after declamping (r ϭ 0.56 and 0.54, respectively). FRs after the IP protocol also correlated with CI at 1 h and 6 h after declamping (r ϭ 0.50 and 0.61, respectively). FRs after 10 min of CPB in the control subjects showed no statistically significant correlation with LVSWI and CI at these time points (r ϭ Ϫ 0.31 and Ϫ 0.07 in LVSWI; r ϭ 0.22 and 0.15 in CI, respectively).
GLM Analysis
GLM analysis showed that there were no associations between the hemodynamic variables (including CI, RVEF, LVSWI, and RVSWI) and cross-clamping time, CPB time, and number of bypassed vessels. CI and LVSWI after the operation were associated with FR generated after the IP protocol (p ϭ 0.035 and 0.037, respectively), whereas LVSWI was negatively associated with the FR generated after the operation 
Postoperative Care
One patient in the control group died of a cerebral complication on the fourth POD. There was no evidence of myocardial infarction or poor hemodynamic performance in this patient, nor were there any apparent perioperative myocardial infarctions. Intra-aortic balloon pump was not used. The duration of mechanical ventilation and stay in ICU were shorter in the IP group, but without statistical significance. More patients in the IP group were free of inotropes, and the duration of inotropic medication in this group was also shorter (Table 3) .
Discussion
Experimental studies have suggested that FRs have an impact on I/R injury, including myocardial stunning and arrhythmia. 3, 4 There have nevertheless been few attempts to assess the effect of FRs on myocardial I/R injury in a clinical setting, either from indirect evidence 8 -10 or by direct measurement of FR contents. 11, 12 Using PBN-spin spectroscopy to measure the FR concentration directly, we have now demonstrated that FRs are generated after the I/R period during a CABG operation. Our findings in the control group further support the conception that during a CPB operation, the I/R myocardium is capable of bringing about FR generation, and this generation is detectable in a patient's coronary sinus blood by means of ex vivo spin trapping. 11, 12 The FR generation was correlated with the duration of myocardial ischemia, as in a previous study. 3 FR generation was accompanied by contractile dysfunction in the left ventricle and right ventricle, manifested by depressed CI, RVEF, LVSWI, and RVSWI after the operation in our control group, and by the significant negative correlation observed between FR generation and LVSWI. The association between FR and CK-MB values implies that FRs might be a culprit in cellular necrosis. These clinical findings support the theory that FRs play an important role in myocardial I/R injury. 3 The better hemodynamic recovery in the IP group suggests that IP attenuates myocardial stunning, but does not alter FR generation during the early reperfusion period. FRs are transient, with 10 Ϫ 6 -s to 10
-s half-lives and short diffuse radii, which makes for difficulty in measurement. However, reactive FRs can be trapped by a nonradical species such as PBN to yield a product (adduct), which is a relatively long-lived FR species. 13 The relative concentrations of spintrapped radicals were determined herein by the value of the first derivative peak height and width of signal of PBN-spin adducts. The PBN-spin FR adduct remains, however, an active species, thus again increasing the difficulty of FR measurement in a clinical setting. It may be impossible to measure all the FRs generated after I/R episodes by ex vivo techniques, since the radical may decay before being trapped by PBN. Spin adducts may also be lost during sample taking, processing, storage, transportation, and ESR measurements. The FR concentration measured in the present study may be much lower than the amount actually generated. Even so, we detected higher signals of FR spin adduct by ESR spectroscopy after cross-clamping release, compared with the baseline level.
FRs are not only detrimental, but are also an essential part of normal respiratory function within the mitochondria. For example, phagocytic cells destroy foreign material by producing FRs. 14 A previous study 5 has shown that FRs may have opposite effects when produced during IP (beneficial) or during prolonged I/R (deleterious). This phenomenon is related to differences in the amounts of FRs produced during IP and prolonged I/R, as shown in isolated myocytes, low concentrations of FRs possibly triggering the IP mechanism. 7, 15 Another explanation is that the production of FRs during IP is not accompanied by other aspects of the inflammatory reaction that might contribute to endothelial injury, for example complement activation and expression of leukocyte adhesion molecules. 5 There is evidence that repeated 2-min ischemia followed by 2-min reperfusion induces FR generation in the conscious pig. 16 Brief ischemia may increase the activity of antioxidant enzymes in isolated myocytes and expression of heat-shock protein in the isolated rat heart. 7, 15, 17 The low flux of FRs generated by purine/xanthine oxidase has significantly improved postischemic recovery of contractile function and reduced infarct size in the isolated rabbit hearts, resembling the effect of IP. This was prevented by the scavenger superoxide dismutase, the protein kinase C inhibitor polymyxin B, and the tyrosine kinase inhibitor herbimycin A. 7, 18 The IP effect of antiarrhythmia, endothelium protection, and delaying myocardial infarction was abolished by the antioxidant enzyme. 5, 19, 20 Exposure of the isolated rabbit heart to a low dose of oxygen radicals, in the absence of ischemia, might also reproduce the beneficial effect of IP on infarct size and recovery of left ventricular function. 18 Thus, FRs may act as one of the triggers of IP.
Our results suggest that two cycles of 2-min ischemia followed by 3-min reperfusion generate FR production. This amount of generation is rather low compared with the larger amount seen after declamping. This FR generation after brief periods of ischemia and reperfusion in humans is very similar to that in the animal study previously mentioned. 16 Ten minutes of CPB alone generated no FR production, as seen in the result for the control group. The low concentration of FRs after the IP protocol was associated with better hemodynamic recovery in CABG patients. Such evidence supports the theory that the low dose of FRs generated during IP is beneficial to the subsequent prolonged I/R myocardial injury. We assume that this beneficial effect may be transmitted via triggering signal transduction by FRs. The protective mechanism may involve activation of tyrosine kinase and protein kinase C, and adenosine triphosphate-sensitive potassium channel opening by the mild oxidative conditioning produced during IP. 7, 18, 21, 22 The present findings also implied that the early IP effect resulted in the adaptation of the heart to the following oxidative stress, but did not involve the FR generation during the early reperfusion period, the reason being that antioxidant enzyme stimulation, transcription, and expression need time to be accomplished. 7, 16, 23 Although the evidence herein showed FRs to be very possibly a trigger of IP, they were not the only trigger. Animal studies have revealed that a single 5-min ischemia/10-min reperfusion has the same effect with four cycles, and N-2-mercaptopropionyl glycine could block one-cycle IP but not protection by four cycles. 20, 24 This suggests that FRs may act in concert with other triggers such as adenosine, norepinephrine, and bradykinin. In the rabbit, more cycles of IP might have resulted in greater generation of adenosine and bradykinin, sufficient to trigger IP by itself even in the absence of FRs. 25 IP with repeated cycles is thus more effective in inducing protective effects. In view of the complexity of the clinical event, we suggest that multiple cycles may be better in a clinical study. In our present study, we could not prove a cause-effect relationship between FRs after the IP protocol and myocardial protection after operation, although the results suggested that FRs might possibly constitute one of the triggers of IP. Further investigations are necessary to elucidate such a relationship.
There is a paucity of human global IP reports. It is not yet known how long an ischemic time of IP protocol is safe and effective. It has been reported in a coronary angioplasty study that 90-s ischemic stimuli are necessary in inducing IP effects. 26 Since our own pilot test during the operation showed that 2 min of aortic clamping IP protocol during CPB was safe and effective to the heart, we used this IP protocol in the present prospective, randomized, controlled study.
The exclusive criteria for patient selection were used to ensure safety and to reduce selective bias. However, there was a longer clamping time in the IP group, and since clamping time was positively associated with the FR and CK-MB concentration, it may in part vitiate the finding of an IP effect on cellular viability. As hemodynamic function was not associated with clamping time and bypassed vessels, the selection difference did not alter the conclusion of the IP effect in suppressing myocardial stunning.
The use of inotropes would mask the value of hemodynamic measurement. Our criteria for use of inotropes were wide, so that a high percentage was used during the study. Since fewer IP cases needed inotropic support and for shorter periods, even if the use of inotropes might affect the hemodynamic data, this does not hamper but supports our conclusion.
Conclusion
By directly measuring FR generation using the PBN-spin trapped spectroscopy method, our study would indicate that there is a smaller amount of FR production after IP and a larger amount after a CABG operation. Ten minutes of CPB does not induce FR generation from the heart. FR production after the operation contributes to ventricular functional damage after I/R injury. IP can protect the heart from I/R injury, as manifested here in the better recovery of left ventricular and right ventricular function after the operation. However, it does not alter FR generation. The association of better hemodynamic recovery after CABG with FR generation during the IP period suggests that FRs might possibly act as one of the triggers for IP.
